Head motion causes artifacts in functional magnetic resonance imaging (fMRI) scans, a problem especially relevant for task-free resting state paradigms and for developmental, aging, and clinical populations. In a cohort spanning 7-28 years old (mean age 15) we produced customized head-anatomy-specific Styrofoam molds for each subject that inserted into an MRI head coil. We scanned these subjects under two conditions: using our standard procedure of packing the head coil with foam padding about the head to reduce head motion, and using the customized molds to reduce head motion. In 12 of 13 subjects, the molds reduced head motion throughout the scan and reduced the fraction of a scan with substantial motion (i.e., volumes with motion notably above baseline levels of motion). Motion was reduced in all 6 head position estimates, especially in rotational, left-right, and superior-inferior directions. Motion was reduced throughout the full age range studied, including children, adolescents, and young adults. In terms of the fMRI data itself, quality indices improved with the head mold on, scrubbing analyses detected less distance-dependent artifact in scans with the head mold on, and distant-dependent artifact was less evident in both the entire scan and also during only low-motion volumes. Subjects found the molds comfortable. Head molds are thus effective tools for reducing head motion, and motion artifacts, during fMRI scans.
Introduction
Head motion is a problem in functional magnetic resonance imaging (fMRI) because it causes large artifacts in signals (Friston et al., 1996) . In task fMRI, such artifacts can be averaged away via the task design (unless motion is related to the task design (Barch et al., 1999; Bullmore et al., 1999; Epstein et al., 2007) ). However, in "functional connectivity" fMRI studies, where signal covariance over time is the feature of interest, no such averaging can occur. Further, motion introduces colored covariance into data, for spatially focal motion artifacts preferentially elevate covariance between nearby signals relative to distant signals (Power et al., 2012; Satterthwaite et al., 2012; Van Dijk et al., 2012) .
Since the recognition of the spurious but systematic influence of motion on resting state covariance, a substantial amount of effort has been devoted to developing post-hoc techniques to characterize and remove motion-related signals in fMRI (and other) scans (Baum et al., 2018; Bright and Murphy, 2013; Ciric et al., 2017; Fair et al., 2012; Kundu et al., 2013; Patel et al., 2014; Power, 2017; Power et al., 2014 Power et al., , 2017a Power et al., , 2017b Power et al., , 2018 Pruim et al., 2015; Salimi-Khorshidi et al., 2014; Satterthwaite et al., 2013 Satterthwaite et al., , 2017 Savalia et al., 2017; Yan et al., 2013) . Some effort has also been directed at developing T2*-weighted sequences that correct for motion during acquisition (reviewed in (Zaitsev et al., 2017) ), though these approaches are not in wide use. Curiously, relatively little effort has been directed at preventing motion from occurring in the first place.
Motion can be reduced either via behavioral interventions (i.e., training the subject to be still) or by physically preventing the head from moving. In pediatric populations, which are the subject of this report and in which motion is a major problem, it is common practice to acclimate children to a scanning environment via a mock scanner (Barnea-Goraly et al., 2014; de Bie et al., 2010; Epstein et al., 2007; Nordahl et al., 2016) , often with feedback about head motion from cameras intended to train the child to move less. Increasingly, it is possible to monitor motion during actual fMRI scanning, and feedback can reduce motion in this setting (Dosenbach et al., 2017; Greene et al., 2018) . These behavioral techniques are variably effective across subjects, and a potential downside is that they introduce attention to staying still to the task-free resting state (which is classically performed with minimal instruction to subjects).
An alternative approach is to physically restrain the head from moving. With non-human animals, head posting can completely immobilize the head. With humans, it is common practice to pack MRI head coils with foam pads to mildly restrain the head (this approach forms our control "mold OFF" condition below). Some groups use thermoplastic masks over the nose and brow fixed to the head coil, but these masks also only mildly restrain the head. Some groups have used small head coils for scanning infants but these still permit motion within the head coil (Deen et al., 2017) . Bite bars can be used, but many subjects find these uncomfortable, and they can provoke salivation and swallowing, which causes head motion. The advent of "3-D" printing and milling over the last decade has made it possible to consider another approach: to create a customized mold of a subject's head that inserts into a head coil. Such molds could be both comfortable and effective at preventing head motion.
In this paper we document how customized head molds reduce head motion, and motion artifacts, during resting state fMRI scans. Our head molds were milled by a commercial company and are made of Styrofoam. We interacted with the company to trouble-shoot child-specific issues that arose, and we report problems we encountered and their eventual fixes. The procedure of obtaining a head mold consisted of using a handheld optical scanner to scan the head and then waiting a few days for a mold to be produced and shipped; the costs were reasonable relative to the cost of subject recruitment and scanning. We scanned 13 subjects 4 times each, acquiring two scans without a head mold and two scans with a head mold in single sessions of scanning. In 12 of 13 subjects, the molds significantly reduced motion and significantly increased the fraction of a scan without substantial motion (i.e., reduced the number of volumes with notably above-baseline amounts of motion). Further, the fMRI scans obtained with the head molds on demonstrate improved quality measures and reduced motion artifact relative to scans obtained using the standard foam packing technique.
Methods

Subject recruitment
14 healthy control subjects (12 males, 2 females; ages 15 AE 5 years old) were recruited without contraindication to MRI scanning. All subjects or caregivers reported no past or current psychiatric or neurological diagnoses. One subject did not complete fMRI scanning and was excluded from analyses. Informed written consent (assent from minors, consent from caregivers) was obtained from all participants and the study protocol was approved by the Weill Cornell Medicine Institutional Review Board.
Head mold production
Head molds were produced by the Caseforge company (https:// caseforge.co), which provided us with a hand-held camera. Participants visited the lab twice. On the first visit, subjects were scanned with the Caseforge camera from 360 while wearing a swim cap. The swim cap was used since hair interferes with capturing the shape of the subject's head. The camera's image was digitally sent to the Caseforge company, which produced and shipped a customized Styrofoam mold within days. The head mold has 2 pieces, a front and a back, and is open in the face. One of our subjects and their family gave permission to show images of the mold, seen in Figure S1 . Some children found it fun and/or comforting to decorate their head molds with MRI-safe markers. In addition, on the first visit, participants 17 years old and younger were acclimated to the MRI environment in a mock MRI scanner, and were trained to keep their head still via feedback following our usual procedures (similar to those described in (Casey et al., 2018) ).
MRI scanning
Subjects returned for a second visit to undergo MRI scans. In scans without the head mold, foam pads were placed in the head coil to constrain head motion per our standard practices. In scans with the head mold, the back piece of the mold was placed in head coil, the subject lay back and fit their head into the mold, and the front piece was then placed. Since the head mold fit the face snugly, no additional padding was needed (or could be placed). Thus, our approach was to compare our typical motion-constraining approach of stuffing the head coil with pads ("mold OFF" condition) to filling the coil with a customized Styrofoam mold of the head ("mold ON" condition). We used earbuds that fit through ear holes so that subjects could easily communicate with the experimenter. Each subject completed 4 fMRI runs of 4.8 min duration, two runs with and two runs without the head mold. The first 5 subjects recruited underwent an AABB scan order (A ¼ mold OFF; B ¼ mold ON), and the remaining 8 subjects underwent counterbalanced ABAB or BABA orders.
Subjects were scanned in a Siemens Magnetom Prisma 3T scanner at the Citigroup Biomedical Imaging Center of Weill Cornell's medical campus using a Siemens 32-channel head coil. Functional images were acquired using the ABCD multi-band sequence (Casey et al., 2018) , which has multi-band factor of 6. Functional images were acquired using T2*-weighted echo-planar sequences covering the full brain (TR ¼ 800 ms, TE ¼ 30 ms, FOV ¼ 216 mm, flip angle ¼ 49 , 2.4 mm isotropic, 66 slices), with 360 volumes acquired per run (total 4.8 min). For the resting state scans, subjects were asked to lie still and to fixate a white crosshair on a black screen, and received no other instruction. Respiratory bellows records were collected on some subjects using the Siemens abdominal belt, though most of these records were later discovered to have been misacquired. A high-resolution T1-weighted image (MP-RAGE) was obtained with TR ¼ 2400 ms, TE ¼ 2.12 ms, FOV ¼ 256 mm, and 1 mm isotropic resolution.
Data processing: motion estimation
Head position during the resting state runs was estimated using the AFNI tool 3dvolreg, yielding 3 translation and 3 rotation estimates at each volume. The position parameters were used to form Framewise Displacement (FD) measures using established conventions (Power et al., 2012 (Power et al., , 2015 . Briefly, all six head position parameters were differentiated in time by backwards differences, angular changes were converted to arc displacement at 50 mm radius, and FD was calculated as the sum of the absolute values of the differentiated parameters. By convention, FD ¼ 0 at the first volume.
Each subject had two runs with a mold and two runs without a mold. The mean and median FD values over each run were calculated, and the average was calculated in each subject for runs with and without the mold. These individual and average values are plotted in Fig. 2 , and the average values were entered into paired t-tests. High-motion volumes were defined as those with FD > 0.30 mm, the fraction of volumes that were high-motion was calculated for each run, and these statistics were treated in a similar manner as the above statistics. To assess the parts of the scan without substantial motion, mean and median FD were also recalculated and re-compared without including high motion volumes, shown in Fig. 3 .
To capture absolute displacement of the head in each realignment parameter, the absolute difference from the first volume was calculated. To capture absolute motion in each realignment parameter, the position parameter was differentiated by backwards differences, and the absolute value was taken. These values were compared (via run means, medians, and standard deviations) in the same way as the above statistics.
2.5. Data processing: fMRI signal assessment fMRI scans were transformed into the Talairach TT-N27 atlas space by concatenating motion correction (AFNI's 3dvolreg), T2*-weighted to MP-RAGE (AFNI's align_epi_anat.py), and MP-RAGE to atlas transformations (AFNI's 3DAllineate) into a single applied transformation, with resampling to a 3 mm isotropic grid. Each initial transformation was computed separately, following procedures documented in (Power et al., 2017a (Power et al., , 2017b (Power et al., , 2018 . FreeSurfer 5.3 was used to segment the T1-weighted image as in (Power, 2017; Power et al., 2017a Power et al., , 2017b , and a whole-brain spatial mask from this segmentation was used to compute DVARS. All images were visually examined for goodness of registration prior to use.
DVARS is a data quality measure that indexes the rate of signal change (in time) across the brain at each volume (Glasser et al., 2018; Power, 2017; Power et al., 2012 Power et al., , 2014 Smyser et al., 2010) . DVARS is computed by differentiating an image by backwards differences in time, and then computing the root mean square across the brain (here, using the above whole-brain mask) at each volume. By convention, DVARS ¼ 0 at the first volume. DVARS was calculated on fMRI images after transformation to the atlas space, and these DVARS values are treated in Fig To assay signal covariance, a 264-region-of-interest (ROI) brain atlas was used (Power et al., 2011) , in which ROIs were modeled as 10 mm diameter spheres; these ROIs are well-studied and have been used to characterize motion-related variance in numerous publications Power et al., 2012 Power et al., , 2014 Power et al., , 2017a Power et al., , 2017b Power et al., , 2018 . In each run, signals at all ROIs were extracted, and the mean and linear trend terms were removed. No denoising was performed since the purpose of examining these signals is to measure noise-related properties.
To document the presence of distance-dependent artifact due to head motion, scrubbing analyses were performed in all subjects. These analyses are discussed in detail in (Power et al., 2015) . In each run, a 264 Â 264 Pearson correlation matrix followed by Fisher-Z transformation was constructed from the timeseries, using either all volumes or only volumes with FD < 0.3 mm (i.e., only low-motion volumes). The difference between these matrices was calculated, and the mean of these matrices is shown in Fig. 5 , plotted as a function of the distance between the ROIs, yielding the well-documented pattern of distant-dependent changes in correlations when high-motion volumes are withheld from covariance calculations. An identical set of calculations was performed on a temporally shifted version of the temporal mask in each subject (moved a random fraction of the scan in a circular shift), to yield "random scrubbing" of the data, which yields no distance dependent changes in correlations, also shown in Fig. 5 . This result establishes that motion artifact, and its distance-dependent properties, are specifically occurring during times of motion. Examples of the means of the "mold ON" and "mold OFF" patterns in several subjects are shown in Fig. 5 , as are the averages of the mold ON and OFF conditions across subjects.
To show the difference in correlations seen in scans with mold ON versus mold OFF (as opposed to the difference between high-and lowmotion volumes examined in scrubbing analyses), the within-subject Fig. 3 . Reduction in small motion by head molds. As for Fig. 2 , but now only examining volumes with FD < 0.3 mm, to focus on the small, constant motions seen throughout a scan. Fig. 4 . Reduction in DVARS by head molds. As for Fig. 3 , but for mean and median DVARS of the entire scan at top and middle, and for mean DVARS in only lowmotion volumes at bottom. P values are from paired t-tests as before. difference between mold ON and mold OFF correlation matrices was calculated and plotted over distance, as shown in the top of Fig. 6 . Mean values of these within-subject difference matrices over all subjects are shown at the bottom of Fig. 6 , both for all volumes (left), and for only low-motion volumes (right). These plots yield a pattern congruent with the scrubbing analyses: scans with molds ON have lower nearby correlations and higher distant correlations. To statistically assess these patterns, as in (Power et al., 2018) , smoothing curves were obtained via a 1000-point moving window, and the difference between smoothing curve values at 100 mm and 35 mm was calculated (to index distance-dependent artifact). The actual difference was compared to the differences seen across 10,000 permutations of mold ON/OFF labels, yielding the statistics seen in Fig. 6 .
When making Figures, simply for readability, Fisher-Z-transformed correlations were re-transformed to Pearson correlations.
Results
Motion assessment
13 subjects completed scanning and underwent analysis. To illustrate the data of interest, Fig. 1 shows head position and head motion (FD) estimates in our first subject. In gray are the 6 head position traces from the realignment procedure. Note that periodic motion (zig-zags) at a respiratory frequency (approximately 0.30 Hz) occur most prominently in the Y (anterior-posterior), Z (superior-inferior) and pitch (head nod) directions, as would be expected from the head flexing about the neck and pivoting on the occiput from breathing. Figure S2 confirms that these motions are due to breathing by showing paired motion and respiratory traces from run 1, which have the same peak frequencies (0.29 Hz). The red FD trace in Fig. 1 shows head motion, with both constant motion from the respiratory breathing and occasional larger motions apparent.
In this 14-year-old subject, an AABB run order was used (A ¼ mold OFF, B ¼ mold ON). Visually, in the OFF scans at the left of the figure, there are more frequent large motions (e.g., over the red line of FD ¼ 0.3 mm), and the amplitude of the smaller constant motions is higher, closer to the horizontal red line. With the mold on, motion is attenuated, but it is not eliminated. Similar visual impressions arise in other subjects ( Figures S3-S5 show data from a 7-year-old, a 17-year-old, and a 28-year-old; plots for all subjects are in an online movie 1 ). The threshold of FD ¼ 0.3 mm shown by the red line was chosen by plotting a histogram of all FD values in all subjects and choosing a threshold well above the majority of FD values ( Figure S6 ).
To quantify effects of mold ON versus mold OFF across subjects, 3 statistics were calculated in each run: mean FD, median FD, and fraction of the scan over the threshold of FD ¼ 0.3 mm. The values of these statistics are shown for each subject in Fig. 2 (diamonds ¼ mold OFF, squares ¼ mold ON, colors are subjects). For each subject and for each statistic, the means of the two ON and two OFF runs, respectively, were calculated, and these are shown by the bold lines of Fig. 2 Figure. Having the mold on yielded lower mean FD in 12 of 13 subjects, lower median FD in 12 of 13 subjects, and lower fractions of the scan with supra-threshold motion in 12 of 13 subjects, all significant reductions by the paired t-test (see Figure) . From these statistics it is evident that large motions are less frequent with the head mold on. To better characterize motion during the majority of the scan without supra-threshold motion, mean and median FD values were re-calculated in only volumes with FD < 0.3 mm. These statistics are shown in Fig. 3 and indicate that head molds reduced small, constant motion seen throughout the scan in every Fig. 5 . Confirmation of distance-dependent artifact in high motion volumes. At top, a scrubbing analysis including all subjects and all runs, with scrubbing threshold of FD > 0.3 mm, showing distance-dependent artifact. For comparison, the effect of scrubbing identical numbers of volumes at random yields no distance-dependent effect. Scrubbing analyses of all mold ON and OFF runs show more distance-dependent artifact in the OFF runs, in part because there are more large motions (and associated artifacts) to censor (see Fig. 2 ). At bottom, individual scrubbing plots for ON and OFF scans; the inset percentages denote how much of the scan was censored. Subject 8 is the sole subject who moved more in the head mold, and considerable distance-dependent artifact is seen in both ON and OFF scans. subject, and these reductions were significant. In summary, across subjects, the fraction of a scan with FD over 0.3 mm dropped by 6% on average, a 60% reduction; mean FD dropped by 0.05 mm, a 25% reduction; and median FD dropped by 0.03 mm, a 20% reduction. In low-motion volumes only, mean FD dropped by 20% as did median FD. These results indicate not only a gain in usable volumes (and potentially degrees of freedom in the data) but also likely a gain in quality throughout the scan due to lower sub-threshold motion throughout the scan.
. Paired t-tests of the ON versus OFF values yielded the p values shown in the
When individual position parameters are examined, both in terms of absolute displacement from the start of the run, and in terms of absolute motion from volume to volume, patterns emerge in how the head molds constrain head motion (see Figure S7 for all statistics). Mean, median, and standard deviation measures are reduced for absolute displacement of the head in all 6 parameters, especially in the X (p ¼ 0.0173; p ¼ 0.0123, respectively for median and standard deviation, using paired t-tests), pitch (p ¼ 0.0425; p ¼ 0. Only in the Y direction do displacement and motion reductions fail to achieve even trend-level significance. Thus, the actions of the head mold are to most strongly constrain all rotations and movement in the left-right and superior-inferior directions. This pattern is sensible in light of the fact that the head is already resting (i.e., constrained) in an anterior-posterior direction due to gravity and the supine positioning of the head. There was no discernible effect of the molds on the directionality of drifts in head position ( Figure S8 ).
Though we have no expectation that head molds versus foam padding would alter respiratory phenomena, given that some motion is related to periodic respiration ( Figure S2 ), the data were examined for any influence of mold ON and OFF conditions on respiratory traces. Due to acquisition errors only four subjects had full complements of respiratory records, but, in these four subjects, respiratory rates are similar within subjects over runs, and there was no evidence of any systematic effect of the molds ( Figure S9 ).
Signal assessment
The deleterious effects of motion on fMRI image quality are welldocumented, as is motion's spatially patterned influence on signal covariance (Baum et al., 2018; Friston et al., 1996; Power et al., 2012 Power et al., , 2015 Power et al., , 2017a Satterthwaite et al., 2012; Van Dijk et al., 2012; Yan et al., 2013) . The reductions in motion in the mold ON condition ought to yield scans with better quality measures, less spatially focal artifact, and thus less distance-dependent covariance due to motion artifact. The next analyses assess these expectations.
DVARS is a data quality measure that indexes in a scan the rate of signal change over time (Power et al., 2012; Smyser et al., 2010) . DVARS generally scales with subject motion (Power et al., 2014) , and if mold ON scans have reduced motion, then DVARS measures should be lower. In Fig. 6 . Differences in correlations over distance with head molds ON versus OFF. At top, in a single subject, correlations are shown in the mold ON and mold OFF conditions, and the difference is also shown. Average values of the difference over all subjects are shown at bottom, both for all volumes (left, including high-motion volumes) and only lowmotion volumes (right, excluding volumes with FD > 0.3 mm). In mold ON scans, short-distance correlations are weaker, and long-distance correlations are stronger, relative to mold OFF scans. The significance of these distance-dependent changes was determined by measuring the Δr of the real smoothing curve between 35 mm and 100 mm distances, compared to the Δr of smoothing curves derived from 10,000 random permutations of ON/OFF labels as in (Power et al., 2018) . Fig. 4 , DVARS measures in each run of each subject were treated in the same manner as the motion traces in Figs. 2 and 3 , yielding consistent reductions of DVARS in mold ON scans no matter whether measured as mean over runs (top row, Fig. 4) , median over runs (middle row, Fig. 4) , or whether calculated only in low-motion volumes (mean is shown in the bottom row). Broadly, these findings indicate improved image quality in the "mold ON" condition, and that these improvements occur throughout the entire scan.
In general, as expected, FD effects scale with DVARS effects. The exception is Subject 8, which displays higher mean FD but lower DVARS with molds ON. The feature driving high mean FD in this subject is that there were a substantial number of extremely high FD values (near 4 in many instances) in one of the ON scans, visible in the online movie, whereas the median FD values were equivalent and the low-motion FD values were lower (as in all the subjects). The fact that DVARS went down is due to the highest FD values not scaling linearly with the corresponding DVARS values. FD and DVARS formally measure different things and were never intended to be regarded as equivalent, though they are in practice often closely related.
To assay the existence of spatially focal motion artifacts, which lead to distance-dependent covariance changes (i.e., increased local correlations and decreased distant correlations), scrubbing analyses were performed (Power et al., 2012 (Power et al., , 2015 . Pairwise correlations between 264 ROIs were calculated using all volumes of each run, and then using only volumes with FD < 0.3 mm in each run, and the difference was calculated. The average within-run difference was calculated over all subjects and runs, and these values are plotted as a function of the distance between ROIs in the top left panel of Fig. 5 . In this analysis, withholding high-motion volumes decreases short-distance correlations and increases long-distance correlations, the familiar pattern of distance-dependent artifact caused by motion. This pattern is specific to the times exhibiting motion, for if the temporal mask used to censor high-motion volumes is randomly shifted in time, the distance-dependent effect is lost (the "random scrubbing" analysis). At upper right, analyses in mold ON and mold OFF runs demonstrate greater distance-dependent changes in the mold OFF condition, which is sensible given that there are more supra-threshold motions in this condition (Fig. 2) . Scrubbing analyses are also shown for several individual subjects under mold ON and OFF conditions, again illustrating greater motion artifact in mold OFF scans (Subject 8, the sole subject who moved more with the mold ON, is shown, and distance-dependent artifact is prominent in both the ON and OFF condition) . These analyses collectively demonstrate that distance-dependent motion artifact is present, that distance-dependent motion artifact is specific to periods of supra-threshold motion, and that motion artifact has a greater influence on covariance in the mold OFF condition.
To complement the scrubbing assays, the within-subject change in correlations between the mold ON and OFF conditions was also calculated and examined over distance, as shown at the top of Fig. 6 for a single subject. These analyses contrast the variance seen in entire scans, rather than the variance seen in low-and high-motion volumes. The bottom row summarizes the effect across subjects. Across subjects, scans with the mold ON have lower short-distance correlations and higher long-distance correlations, consistent with reduced motion artifact. This effect is found when correlations are calculated over all volumes, and, importantly, it is also found when high-motion volumes (i.e., FD > 0.3 mm) are excluded. This latter finding cannot be established via scrubbing analyses, since only sub-threshold volumes are contributing to correlations. To determine the significance of these distance-dependent patterns, the labels of ON and OFF runs were permuted randomly 10,000 times, and the change in correlation of the smoothing curves from 35 mm to 100 mm was calculated to index distance-dependent effects, as in (Power et al., 2018) . In both analyses, the actual distance-dependent change in correlations is among the largest found amongst all permutations (and is thus significant). Because we are contrasting conditions in these analyses, it is conceivable, though we think it unlikely, that these effects could be due to the conditions themselves, i.e., neural differences due to psychological or physiological differences of having a mold on.
Discussion
Head motion is a known and much-discussed problem for fMRI scans (Caballero-Gaudes and Reynolds, 2017) . Here we tried to prevent head motion from occurring by physically restraining the head in the head coil. In the first 13 subjects that we scanned with and without customized Styrofoam head molds, we found that head molds decreased head rotation and translation, reduced the fraction of a scan with large motions, and reduced the size of the small, constant motions seen throughout a scan. These effects were consistent across subjects spanning 7-28 years old, most of whom were adolescents. The reductions in motion should translate into generally increased data quality and decreased fractions of scans that are severely compromised by motion artifact.
When we examined the fMRI signals of these scans, we found that using head molds tended to yield scans with improved quality indices. Though motion artifact was still present in the scans, it was attenuated relative to scans obtained with foam padding in the head coil. Wearing the head mold reduced the proportion of a scan with large suprathreshold motions and thus the amount of motion artifact detected in scrubbing analyses. And, interestingly, it appeared that the reduction in sub-threshold, constant motion throughout a scan manifested as reduced distance-dependent correlations in the mold ON condition, since that effect was found even when excluding high-motion volumes from correlation calculations (Fig. 6 ). It should be noted that even though distance-dependent effects can be "unmasked" by particular postprocessing procedures (e.g., (Power et al., 2018; Satterthwaite et al., 2013) ), the distance-dependent artifact is inherent to the unprocessed data (Power et al., 2017a) , and the reduction of distance-dependent artifact seen with the head molds follows as a consequence of reduced motion in the mold ON condition.
The chief drawbacks of the head molds are the production cost, the delay between scanning a subject's head and receiving a head mold, and the fact that the head molds can interfere with instrumentation around the head. The cost of molds will likely fluctuate in the future according to demand, competition, business model, and refinements of production processes, but, during the period of testing here, the cost was approximately $100-150 per mold. The drawback concerning instrumentation can be ameliorated by modifying the head mold as needed, either during production or post-hoc (since the Styrofoam can be altered by hand with a knife or Dremel tool). The chief benefit of the head mold approach, other than the reduction of motion, is that it requires no alteration in the behavior or "task set" of the participant (in contrast to approaches that provide feedback to reduce head motion).
3-D printing is typically done using hard polymers, whereas we elected to pursue collaboration with a commercial company producing milled Styrofoam molds. This choice was partly for convenience, and partly due to suspicion that a softer material would be more comfortable for our subjects. We have not directly compared Styrofoam head molds to more rigid head molds. It is possible that harder molds would constrain motion to a greater extent than our relatively soft molds, however, they may also be less comfortable for participants and would be difficult to modify once produced. The present versions of our molds do not restrain the chin, and they are also sculpted to have little or no contact with the nose and cheeks, as many subjects disliked those sensations. Having contact at these locations may more fully constrain the head and prevent motion to a greater extent.
When we first began using the head molds, we were in close contact with the company producing the head molds to suggest alterations to mold shapes, since these molds had not been used in pediatric populations, where the angle and size of the neck in the head coil is different than in adults. Several of our initial participants reported some discomfort, especially at the back of the head and the cheeks. Modifications to the molds were made, especially modification of the thickness of the posterior part of the mold, and we have now used head molds with many children and adolescents, including children and adults with autism, without further report of discomfort or poor fits. We now routinely produce head molds for subjects in a variety of studies. In the one subject (#8 in Fig. 2 ) who had increased motion with the head mold, there was no report of discomfort and we have no particular explanation for why motion was higher with the mold on.
Readers may wonder whether certain kinds of subjects may have difficulties with the molds. Our clinical experience thus far is mainly with pediatric subjects, and both healthy control and clinical populations wear the molds without notable issues. In terms of whether certain hairstyles might complicate mold use, we use a swim cap while optically scanning the subject to compress hair to a similar extent that the actual mold will compress it. Although we have not scanned subjects with extremely voluminous hair, we have not found even "big" hair to be an obstacle to using the molds. A point worth noting is that when optically scanning subjects, hair should be lifted away from the neck to provide an accurate estimate of anatomy. One of our reviewers raised the possibility that certain subjects may be sensitive to overheating in the molds. None of our subjects reported sweating or feeling hot, though common sense would lead one to suspect that faces are hotter with reduced convective currents and the insulating effects of the Styrofoam. Those of us on the investigative team who have worn the molds did not note effects of heat, and the dozens of pediatric and young adult subjects we have scanned with molds also have not raised heat as an issue. However, older or other clinical populations might experience this effect.
In summary, our experience with customized Styrofoam head molds indicates that they reduce motion during fMRI scans, and that subjects find them comfortable to use (after the initial modifications noted above). In populations prone to movement, such as pediatric, elderly, and clinical groups, these molds may increase the efficiency of scanning by decreasing the fraction of a scan compromised by substantial movement, and may increase the quality of a scan by generally dampening movement throughout a scan. We report here on task-free resting state scans, but the molds should be useful for all kinds of MRI scanning.
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